Central administration of glucagon-like peptide-1 (GLP-1) causes a dose-dependent reduction in food intake, but the role of endogenous CNS GLP-1 in the regulation of energy balance remains unclear. Here, we tested the hypothesis that CNS GLP-1 activity is required for normal energy balance by using two independent methods to achieve chronic CNS GLP-1 loss of function in rats. Specifically, lentiviralmediated expression of RNA interference was used to knock down nucleus of the solitary tract (NTS) preproglucagon (PPG), and chronic intracerebroventricular (ICV) infusion of the GLP-1 receptor (GLP-1r) antagonist exendin (9-39) (Ex9) was used to block CNS GLP-1r. NTS PPG knockdown caused hyperphagia and exacerbated high-fat diet (HFD)-induced fat accumulation and glucose intolerance. Moreover, in control virus-treated rats fed the HFD, NTS PPG expression levels correlated positively with fat mass. Chronic ICV Ex9 also caused hyperphagia; however, increased fat accumulation and glucose intolerance occurred regardless of diet. Collectively, these data provide the strongest evidence to date that CNS GLP-1 plays a physiologic role in the long-term regulation of energy balance. Moreover, they suggest that this role is distinct from that of circulating GLP-1 as a short-term satiation signal. Therefore, it may be possible to tailor GLP-1-based therapies for the prevention and/or treatment of obesity.
Introduction
The regulation of energy balance requires bidirectional communication between peripheral tissues and the CNS, an essential component of which is the gut-brain axis. During eating, hormonal, neural and nutritional signals from the gastrointestinal tract inform the CNS of nutrient availability, leading to activation of compensatory pathways that facilitate appropriate nutrient disposal and maintenance of energy balance (Berthoud, 2008) . Of these signals, the preproglucagon (PPG)-derived peptide glucagon-like peptide-1 (GLP-1) lies at both ends of the gutbrain axis, being produced in intestinal L-cells (Varndell et al., 1985) as well as the nucleus of the solitary tract (NTS) (Merchenthaler et al., 1999) . Moreover, GLP-1 is a physiologic regulator of numerous processes, including glucose homeostasis and food intake (Baggio and Drucker, 2007) .
GLP-1 is released from intestinal L-cells after meals, and recent evidence suggests that, similar to the gut hormone cholecystokinin (CCK), GLP-1 acts as a short-term satiation signal, limiting meal size and prolonging intermeal interval (Williams et al., 2009 ). In contrast, numerous studies support a role for CNS GLP-1 in long-term energy balance regulation. GLP-1 receptors (GLP-1rs) are expressed in hypothalamic nuclei known to regulate energy balance (Merchenthaler et al., 1999) , and hindbrain PPG neurons project to these areas (Vrang et al., 2007) . Central administration of GLP-1 reduces food intake and body weight, whereas GLP-1r antagonists do the opposite (Meeran et al., 1999) . Leptin activates NTS PPG neurons and increases hypothalamic GLP-1 content in food-restricted mice and rats (Elias et al., 2000; Goldstone et al., 2000) . Finally, hindbrain PPG mRNA is elevated in obese Zucker rats, suggesting that CNS GLP-1 activity may be altered in obesity or states of leptin resistance (Vrang et al., 2008) .
Although a strong case can be made for the involvement of CNS GLP-1 in the long-term regulation of energy balance, other reports challenge this hypothesis. NTS PPG neurons are activated by noxious stimuli but not a large meal (Rinaman, 1999a) . Moreover, central administration of GLP-1 induces visceral illness and activates the HPA axis (Seeley et al., 2000; Kinzig et al., 2003) , suggesting that CNS GLP-1 mediates illness-or stress-induced anorexia rather than regulation of energy balance per se. Finally, GLP-1r knock-out mice have normal food intake and body weight, raising further questions about a primary role for CNS GLP-1 in the regulation of energy balance (Scrocchi et al., 1996; Scrocchi and Drucker, 1998) .
At present, the data regarding a physiologic role for CNS GLP-1 in long-term energy balance regulation are equivocal, due in part to experimental limitations. GLP-1r knock-out mice are subject to developmental compensations and lack CNS specificity for loss of function. Moreover, the use of chronic CNS GLP-1r blockade (Knauf et al., 2008) assumes that CNS GLP-1rs are activated solely by NTS GLP-1 and not by intestinal GLP-1. Here we address these limitations by comparing RNA interference(RNAi)-mediated knockdown of NTS PPG and chronic CNS GLP-1r blockade to test the hypothesis that CNS GLP-1 signaling is required for normal energy balance. Furthermore, we assess the effects of these two treatments under conditions of diet-induced obesity.
Materials and Methods

Animals
Adult male Long-Evans rats (Harlan) were housed individually in plastic shoebox cages and maintained on a 12 h light/dark cycle with ad libitum access to food and water. Rats were fed either a low-fat pelleted chow (chow: 3.41 kcal/g, ϳ5% fat by kcal, Harlan Teklad) or a pelleted high-fat diet (HFD: 4.54 kcal/g, 40% butter fat by kcal, Research Diets, Inc.). All animal procedures were approved by the University of Cincinnati Institutional Animal Care and Use Committee.
Body composition
Fat mass and lean mass were measured in conscious rats using a nuclear magnetic resonance whole-body composition analyzer (Echo Medical Systems).
Conditioned taste aversion
Conditioned taste aversion (CTA) to intraperitoneal 0.15 M lithium chloride (LiCl), administered at a volume in milliliters equivalent to 1% of the rat's body weight in grams, was assessed as previously described (Cota et al., 2006) .
Meal patterns, energy expenditure, and locomotor activity
Rats from each group were placed in a continuous monitoring system (TSE Systems) for 72 h to assess meal patterns, energy expenditure and locomotor activity. The first 24 h were considered adaptation and the data from the next 48 h were analyzed. Data for indirect calorimetry analysis were sampled every 45 min. Data for food intake and meal pattern analysis were sampled every 15 min and accumulated in 6 h blocks.
Glucose tolerance
Intraperitoneal glucose tolerance tests were performed to isolate the effects of the CNS GLP-1 system and to avoid stimulation of GLP-1 release from the gastrointestinal tract. Briefly, overnight-fasted rats were injected intraperitoneally with 25% dextrose at a dose of 1.5 g/kg. Blood samples taken at 0, 15, 30, 45, 60, and 120 min were assessed for glucose using glucometers and glucose strips (Accu-Chek).
NTS PPG knockdown studies
Lentiviral vectors. Low-titer (Ͼ1.0 ϫ 10 6 IU/ml) and high-titer (Ͼ1.0 ϫ 10 9 IU/ml) lentiviral vectors dissolved in PBS were obtained from America Pharma Source. These viral vectors expressed either a scrambled (control) short-hairpin RNA (shRNA) or a shRNA directed against rat and mouse PPG under the control of the human U6 promoter, in addition to an independent enhanced green fluorescent protein (GFP) cassette for detection of transduced neurons. The PPG shRNA oligonucleotide sequences were as follows: 5Ј-GATCCAGCATGCTGAAGGGACCTTTACTTCAAGA-GAGTAAAGGTCCCTTCAGCATGCTTTTTGG-3Ј and 5Ј-AATTCCAAA-AAGCATGCTGAAGGGACCTTTACTCTCTTGAAGTAAAGGTCCCTT-CAGCATGCTG-3Ј.PPG-specificnucleotidesarerepresentedinboldfacedtype. Tissue culture studies. Rat pancreatic islet INS-1 cells were maintained in culture media consisting of RPMI 1640 supplemented with 10% heatinactivated FBS, 50 M ␤-mercaptoethanol, 100 U/ml penicillin and 100 g/ml streptomycin and grown in a 37°C incubator in an atmosphere of 5% CO 2 and 95% air and 100% humidity. On day 1, cells were seeded in 24-well plates at a density such that they would be 40 -50% confluent the following day. On day 2, culture media was replaced by 200 l of low-titer virus stock per well, and cells were incubated overnight. On day 3, virus stock was replaced with fresh culture media for an additional 48 h, at which time cells were harvested and stored at Ϫ80°C for RNA isolation.
Quantitative reverse transcriptase-PCR. Total RNA was isolated using TriReagent according to the manufacturer's instructions. Complementary DNA (cDNA) was reverse-transcribed from 1.0 g of total RNA using the iScript cDNA synthesis kit (Bio-Rad) and amplified using an iCycler (Bio-Rad) and the iQ SYBR Green Supermix (Bio-Rad). Primer sequences were as follows: L32 forward, 5Ј-CAG ACG CAC CAT CGA AGT TA-3Ј; reverse, 5Ј-AGC CAC AAA GGA CGT GTT TC-3Ј at 61.2°C; PPG forward, 5Ј-GGT TGA TGA ACA CCA AGA GGA-3Ј; reverse, 5Ј-CCT GGC CCT CCA AGT AAG A-3Ј at 55°C (Integrated DNA Technologies). Primers were optimized as previously described (Kim et al., 2008) , and all samples were run in triplicate. PPG expression was normalized to that of the constitutively expressed ribosomal protein L32, and relative expression was quantified as previously described (Kim et al., 2008) .
Viral delivery. Rats were anesthetized with ketamine/xylazine and placed into a stereotaxic frame (David Kopf Instruments). To target the NTS, a 26-gauge bilateral guide cannula (Plastics One) was slowly lowered and allowed to rest for 5 min at the following coordinates: anteroposterior (AP), Ϫ5.3 mm from the interaural line; mediolateral (ML), Ϯ0.6 mm; and dorsoventral (DV), Ϫ7.4 mm from skull (Paxinos and Watson, 1998) . Using a micro-infusion pump (Harvard Apparatus), high-titer lentiviral vectors were infused via Hamilton syringes attached to a 30-gauge bilateral internal cannula (Plastics One) projecting 1.0 mm below the tip of the guide cannula. For each rat, 2.0 l of virus stock was infused on each side over 20 min, and 5 min later, the guide and internal cannulas were slowly removed and the skin sutured. Experiment 1. Before surgery, body composition was measured, and chow-fed rats were divided into two groups (control or PPG, n ϭ 11 per group) matched for body weight, fat mass and lean mass. Following viral delivery, body weight and food intake were measured daily for 12 d. On the day of death, rats were deeply anesthetized with sodium pentobarbital and perfused transcardially with DEPC-treated 0.1 M PBS (DEPC PBS) followed by 4.0% paraformaldehyde/PBS. Brains were postfixed at 4°C for 24 h in 4.0% paraformaldehyde/PBS and stored at 4°C in 30.0% sucrose/DEPC PBS. Serial coronal forebrain and hindbrain sections were collected at 25 m using a freezing microtome and stored at Ϫ20°C in DEPC-treated cryoprotectant.
Experiment 2. Before surgery, body composition was measured, and chow-fed rats were divided into two groups (control or PPG, n ϭ 20 per group) matched for body weight, fat mass and lean mass. Following viral delivery, body weight and food intake were measured daily for 2 weeks and weekly thereafter. CTA was performed at 3 weeks, body composition was reassessed at 5 weeks, and at 6 weeks, rats were killed and their brains processed for histology as described in experiment 1.
Experiment 3. Before surgery, body composition was measured, and chow-fed rats were divided into two groups (control or PPG, n ϭ 20 per group) matched for body weight, fat mass and lean mass. Following viral delivery, body weight and food intake were measured daily for 2 weeks and weekly thereafter. Rats were maintained on chow for 6 weeks followed by HFD for 4 weeks. While on chow, body composition was measured at 2 and 6 weeks, cumulative food intake over 24 h was measured at 3 weeks, and glucose tolerance was assessed at 5 weeks. At 7 weeks, rats were switched to HFD and placed in the TSE continuous metabolic monitoring system for 72 h. At 9 weeks, glucose tolerance was assessed, and at 10 weeks body composition was measured and rats killed by CO 2 asphyxiation. At death, whole brains were harvested, and the caudal medulla was dissected, flash-frozen in isopentane on dry ice and stored at Ϫ80°C. To determine the relationship between hindbrain PPG expression and fat mass, tissue from control rats was processed for quantitative PCR as described above.
PPG in situ hybridization. In situ hybridization and quantification of NTS PPG expression were performed on hindbrain sections as previously described (Choi et al., 2007 ) using a previously characterized antisense rat PPG riboprobe (Zhang et al., 2009) .
GFP immunofluorescence. After washing with PBS, free-floating hindbrain sections were incubated at room temperature (RT) in 0.3% glycine/ PBS for 20 min followed by 0.03% SDS/PBS for 10 min. Sections were blocked for 2 h at RT in 3.0% normal donkey serum/0.25% Triton X-100/PBS and incubated overnight at RT in blocking solution containing chicken anti-GFP (1:1000, Abcam). The next morning, sections were incubated for 2 h at RT in blocking solution containing biotinylated donkey anti-chicken IgG (1:1000, Jackson ImmunoResearch) followed by 2 h at RT in blocking solution containing Alexa Fluor 488-conjugated streptavidin (1:200, Invitrogen). Finally, sections were washed with PBS, mounted on gelatin-coated slides, and thoroughly washed with PBS.
GLP-1 immunofluorescence. GLP-1 immunofluorescence and quantification of paraventricular hypothalamic nucleus (PVN) GLP-1 fiber density were performed on hypothalamic sections as previously described (Zhang et al., 2009 ) using a primary antibody directed against enteroglucagon C-terminal octapeptide (Collie et al., 1994) , obtained from David A. D'Alessio (University of Cincinnati, Cincinnati, OH).
Chronic intracerebroventricular exendin (9-39) studies
Intracerebroventricular minipump implantation. Under ketamine/xylazine anesthesia, rats were implanted with lateral ventricular cannulas connected via PVC tubing to osmotic pumps (Alzet) that delivered either saline or the GLP-1r antagonist exendin (9-39) (Ex9) (100 g/d, 21st Century Biochemicals). Pump duration was 6 weeks (model 2006) for experiment 1 and 4 weeks (model 2004) for experiment 2. Before surgery, pumps were filled with either Ex9 or saline vehicle, connected to a lateral ventricular cannula with 5 cm of solutionfilled tubing and primed at 37°C for 48 h. The cannula tip was placed at the following coordinates: AP, Ϫ0.85 mm from bregma; ML, Ϯ1.5 mm; DV, Ϫ3.5 mm from skull (Paxinos and Watson, 1998 ). The osmotic pump was then placed interscapularly, the cannula was secured to the skull with anchor screws and dental acrylic, and the skin was sutured.
Experiment 1. Rats were fed chow or HFD for 4 weeks. Before surgery, body composition was measured, and within each diet group, rats were partitioned into two groups (chow-saline, chowEx9, HFD-saline, HFD-Ex9, n ϭ 10 per group) matched for body weight, fat mass and lean mass. Body weight and food intake were measured daily for 1 week postsurgery and weekly thereafter. Glucose tolerance was assessed at 4 weeks postsurgery. To account for large differences in fat mass between groups at the time of testing, glucose was administered intraperitoneally at a fixed dose of 0.75 g. At 5 weeks, body composition was reassessed, and rats were killed via CO 2 asphyxiation. Whole brains were harvested, flash-frozen in isopentane on dry ice and stored at Ϫ80°C. Trunk blood was collected and plasma harvested and stored at Ϫ80°C.
Experiment 2. Before surgery, body composition was measured, and chow-fed rats were divided into four groups (saline, Ex9 -AL, Ex9 -PF, and Ex9 -SC, n ϭ 10 per group) matched for body weight, fat mass and lean mass. Rats in the saline and Ex9 -AL groups were fed ad libitum, and Ex9 -PF rats were pairfed to match the intake of the saline rats. An additional group of rats receiving the same dose of Ex9 given subcutaneously (Ex9 -SC) was included to rule out the possibility of intracerebroventricular (ICV) Ex9 blocking peripheral GLP-1R. Body weight and food intake were measured daily for 1 week postsurgery and weekly thereafter. Body composition and glucose tolerance were measured at 4 weeks, and 2 d later rats were killed as described above.
Statistical analysis
All values are reported as Mean Ϯ SEM. Data were analyzed using Student's t test, one-or two-way ANOVA or two-or three-way repeated-measures ANOVA. Post hoc multiple comparisons were made using Tukey's post hoc test. Significance was set at p Ͻ 0.05 for all analyses.
Results
RNAi against PPG significantly decreases PPG expression in vitro and in vivo
To validate the efficacy of our PPG shRNA-expressing lentivirus, we first assessed the ability of the virus to knock down PPG expression in the rat pancreatic islet cell line INS-1, which has been reported to express PPG (Bollheimer et al., 2005) . At 48 h, PPG mRNA was significantly decreased (92%) in PPG-versus controlinfected cells, indicating successful knockdown (Fig. 1A , p ϭ 0.0019). Next, we assessed the ability of the virus to knock down PPG expression in rat brain. Figure 1 B depicts GFP immunofluorescence in the caudal NTS 12 d postinfection, and a schematic of this area is depicted in Figure 1C . PPG rats expressed significantly (47%) less PPG mRNA than control rats in the NTS (Fig. 1 A, p Ͻ 0.0001), whereas no reduction was observed in the ventrolateral medulla (Fig. 1 A) . Representative images of control versus PPG rats are depicted in Figure 1 , D and E, respectively. PPG rats also exhibited significantly less GLP-1 fiber density than control rats in the PVN (Fig. 1 A, p ϭ 0.0373), indicating effective knockdown at the protein level. Representative images of control versus PPG rats are depicted in Figure 1 , F and G, respectively. Together, these data indicate that the PPG shRNA-expressing lentivirus effectively knocks down PPG expression in vitro and in vivo. Moreover, they confirm that our stereotactic targeting was specific for the NTS.
NTS PPG knockdown leads to increased food intake and body weight and selective changes in body composition
Control and PPG rats did not differ significantly in body weight (343.09 Ϯ 3.15 g vs 345.19 Ϯ 2.41 g), fat mass (24.22 Ϯ 0.77 g vs 24.14 Ϯ 0.79 g) or lean mass (230.51 Ϯ 3.44 g vs 227.24 Ϯ 3.27 g) at the outset of the study. During week 1 following viral infection, control and PPG rats exhibited comparable anorexia and weight loss. However, during week 2 the groups diverged such that by 9 d PPG rats weighed significantly more than control rats (Fig. 2 A, p ϭ 0.032) and by 8 d they were significantly hyperphagic (Fig. 2 B, p ϭ 0.024 ). These differences persisted throughout the experiment (Figs. 2C,D , p ϭ 0.001 and 0.045, respectively, at 6 weeks) and were associated with significant preservation of fat (Fig. 2E , p Ͻ 0.001) and lean (Fig. 2F , p ϭ 0.003) mass at 2 weeks. However, beyond 2 weeks the differences in body weight and food intake remained constant, and no significant differences in the amount of fat or lean mass gained were observed thereafter.
Because NTS PPG neurons are activated by stimuli associated with visceral illness (Rinaman, 1999a) , and because CNS GLP-1r antagonism blocks the response to toxins that cause visceral illness (Rinaman, 1999b; Seeley et al., 2000) , we assessed the ability of control versus PPG rats to form a CTA to intraperitoneal LiCl. Surprisingly, both groups exhibited preference ratios for 0.1% saccharin significantly Ͻ0.5 (0.17 and 0.14, respectively), indicating that there was no significant difference in their ability to form a CTA to intraperitoneal LiCl (data not shown).
Consistent with our first experiment, at 6 weeks postinfection, PPG rats expressed significantly (53%) less PPG mRNA than control rats in the NTS ( p ϭ 0.0004, data not shown). These data indicate that the knockdown of PPG expression induced by the PPG shRNA-expressing lentivirus is persistent.
NTS PPG knockdown exacerbates HFD-induced obesity and glucose intolerance
Previous studies have reported that hindbrain PPG expression is significantly increased in obese Zucker rats and HFD-fed mice (Knauf et al., 2008; Vrang et al., 2008) . In addition, HFD-fed mice given twice-daily injections of the GLP-1r agonist exendin-4 were relatively protected against HFD-induced fat accumulation (Lamont and Drucker, 2008) . Based on these observations, we predicted that NTS PPG knockdown would enhance fat accumulation in response to high-fat feeding. To this end, we infected rats and maintained them on chow for 6 weeks followed by HFD for 4 weeks and assessed changes in body weight, body composition and food intake.
Control and PPG rats did not differ significantly with respect to body weight (372.21 Ϯ 3.34 g vs 373.22 Ϯ 3.60 g), fat mass (28.25 Ϯ 1.16 g vs 27.68 Ϯ 1.46 g) or lean mass (313.45 Ϯ 2.72 g Figure 2 . NTS PPG knockdown results in hyperphagia and increased body weight in chow-fed rats. A, B, Cumulative body weight change (A) and daily food intake (B) during the first 2 weeks of the study. C, D, Cumulative body weight change (C) and average daily food intake (D) for the 6-week duration of the study. E, F, Changes in fat mass (E) and lean mass (F ) over time. Data are represented as mean Ϯ SEM (n ϭ 20 rats per group). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 vs control.
vs 313.28 Ϯ 2.37 g) at the outset of the study. Consistent with the above results, PPG rats were significantly heavier (ϳ25 g) than control rats at 2 weeks postinfection (Fig. 3A , p ϭ 0.006), and this difference remained constant while the animals were maintained on chow. After 4 weeks of high-fat feeding, the weight difference between PPG and control rats had increased to ϳ40 g ( p Ͻ 0.001). Body composition analysis revealed that at 2 weeks PPG rats had significantly more lean mass (Fig. 3F , p Ͻ 0.001) and a trend toward more fat mass than control rats, and from 2 to 6 weeks there were parallel changes in both lean and fat mass between the two groups. After 4 weeks of high-fat feeding, PPG rats had gained significantly more fat mass (Fig. 3E , p Ͻ 0.001) than control rats, whereas changes in lean mass between the two groups were not significantly different. Finally, PPG rats were significantly hyperphagic relative to control rats throughout the entire study (Fig. 3B, p Ͻ 0.001) .
Because recent evidence suggests that the CNS GLP-1 system plays a direct role in the regulation of peripheral glucose homeostasis (Knauf et al., 2005 (Knauf et al., , 2008 Sandoval et al., 2008) , we assessed intraperitoneal glucose tolerance under chow-fed and HFD-fed conditions. There was no significant difference in glucose tolerance between PPG and control rats while maintained on chow (Fig. 3G) ; however, after 4 weeks of high-fat feeding, PPG rats were glucose intolerant relative to control rats. Specifically, PPG rats had significantly higher blood glucose levels than control rats at 45, 60 and 120 min, and the area under the curve over baseline was significantly increased in PPG versus control rats (Fig. 3H, p ϭ 0.0356) .
Hyperphagia following NTS PPG knockdown is the result of an accumulation of slight overeating that occurs throughout the dark phase Consistent with its putative role as a satiation signal, recent studies using the GLP-1r agonist exendin-4 (Ex4) suggest that peripheral GLP-1 reduces food intake by decreasing meal size and duration and increasing intermeal interval (Scott and Moran, 2007; Williams et al., 2009) . Because the effect of CNS GLP-1 on satiation is poorly understood, we compared control versus PPG rats with respect to cumulative food intake at various time points across a 24 h period as well as meal patterns across a 48 h period. PPG rats ate significantly more than control rats within a 24 h period (Fig. 3C , p Ͻ 0.001), but this difference was not apparent at 1, 2, 4 and 8 h into the dark phase. However, hyperphagia induced by NTS PPG knockdown was largely the result of increased dark phase food intake (Fig. 3D , p ϭ 0.0007). PPG rats exhibited a significantly higher rate of consumption than control rats (0.36 Ϯ 0.002 vs 0.30 Ϯ 0.001 g/min, p ϭ 0.0260, data not shown), yet there were no significant differences between PPG vs control rats with respect to meal size (2.006 Ϯ 0.13 vs 1.802 Ϯ 0.13 g, data not shown), duration (329.9 Ϯ 18.44 vs 353.8 Ϯ 20.20 s, data not shown) or number (32.65 Ϯ 2.26 vs 30.21 Ϯ 1.90, data not shown).
NTS PPG knockdown does not alter energy expenditure, respiratory quotient, or locomotor activity
Whereas central GLP-1's effect on food intake is well established, its effect on energy expenditure remains unclear. Increased energy expenditure and locomotor activity were observed in both GLP-1r knock-out mice (Hansotia et al., 2007) as well as WT HFD-fed mice receiving chronic ICV Ex9 (Knauf et al., 2008) , suggesting that endogenous CNS GLP-1 exerts a tonic inhibitory effect on these parameters. However, more recent data propose that CNS GLP-1 may limit fat accumulation by increasing sympathetic outflow to white adipose tissue (Nogueiras et al., 2009 ). Because PPG rats grew at a rate parallel to that of control rats beyond 2 weeks despite ongoing hyperphagia, we hypothesized that this phenomenon was secondary to a compensatory increase in energy expenditure and/or locomotor activity. Contrary to this hypothesis, PPG and control rats did not differ significantly with respect to energy expenditure, respiratory quotient, or locomotor activity (Fig. 4 A, B,C, respectively) .
Hindbrain PPG expression correlates positively with fat mass in HFD-fed rats
The above data, combined with previous observations associating increased hindbrain PPG expression with obesity and highfat feeding (Knauf et al., 2008; Vrang et al., 2008) , suggest that the activity of the CNS GLP-1 system may covary with energy balance. To better understand this putative relationship, we correlated hindbrain PPG mRNA with terminal body weight and body composition parameters in the above control shRNAinfected rats. There was a significant positive correlation between PPG mRNA and body weight (Fig. 5A , r ϭ 0.5384, p ϭ 0.0174). Upon closer examination, PPG mRNA correlated even more strongly with fat mass (Fig. 5B , r ϭ 0.7207, p ϭ 0.0005), whereas there was no significant correlation with lean mass (Fig. 5C , r ϭ Ϫ0.009578).
Chronic ICV Ex9 increases body weight, food intake, and fat mass and leads to glucose intolerance in chow-and HFD-fed rats
The data from the NTS PPG knockdown studies support the hypothesis that the activity of the CNS GLP-1 system is upregulated in diet-induced obesity in an effort to prevent excess fat accumulation. Based on this hypothesis, we predicted that, relative to chow-fed rats, HFD-fed rats would be more sensitive to chronic CNS GLP-1r blockade and would therefore have a greater degree of hyperphagia and fat accumulation. At the outset of the study, saline-and Ex9-treated rats within each diet group did not differ significantly with respect to body weight ). Contrary to our prediction, chronic ICV Ex9-treated chow-and HFD-fed rats gained significantly more weight (Fig. 6 A, F (drug) ϭ 77.29, p Ͻ 0.001) and ate significantly more food (Fig. 6 B, F (drug) ϭ 41.94, p Ͻ 0.001) than their saline-treated controls, yet the degree of weight gain and hy- perphagia was not significantly different between the two diets (for weight gain, F (diet ϫ drug) ϭ 2.05, p ϭ 0.16; for cumulative food intake, F (diet ϫ drug) ϭ 2.34, p ϭ 0.14). There was also a significant main effect of diet for both weight gain (F ϭ 40.53, p Ͻ 0.001) and cumulative food intake (F ϭ 33.86, p Ͻ 0.001).
Weight gain in response to chronic ICV Ex9 was primarily the result of a selective increase in fat mass (Fig. 6C, F (drug) ϭ 26.18, p Ͻ 0.001) and not lean mass (Fig. 6 D) . For change in fat mass, there was also a significant main effect of diet (F ϭ 18.11, p Ͻ 0.001) but not a significant diet ϫ drug interaction (F ϭ 1.75, p ϭ 0.20). Consistent with their increased fat mass, chronic ICV Ex9-treated chowand HFD-fed rats were glucose intolerant relative to saline-treated controls (Fig. 6 E, F; F (drug) ϭ 11.00, p ϭ 0.0021 for area under the curve). For area under the curve, there was neither a significant main effect of diet (F ϭ 2.69, p ϭ 0.11) nor a significant diet ϫ drug interaction (F ϭ 0.0004, p ϭ 0.99).
Chronic ICV Ex9-induced weight gain and glucose intolerance are secondary to hyperphagia and increased fat mass, respectively To better understand the mechanism underlying chronic ICV Ex9-induced weight gain and glucose intolerance, we assessed the ability of chronic ICV Ex9 to increase body weight and impair glucose tolerance independent of hyperphagia and increased fat mass. To this end, we included a group of rats receiving chronic ICV Ex9 that were pair-fed to saline-treated controls. In addition, we included a group of rats receiving the same dose of chronic Ex9, this time administered subcutaneously, to assess the specificity of chronic ICV Ex9 for CNS versus peripheral GLP-1r.
At the outset of the study, saline, Ex9 -AL, Ex9 -PF, and Ex9 -SC rats did not differ significantly with respect to body weight (339.43 Ϯ 4.12 g vs 339.63 Ϯ 4.59 g vs 349.63 Ϯ 4.38 g vs 339.14 Ϯ 4.17 g), fat mass (27.93 Ϯ 1.54 g vs 28.64 Ϯ 1.54 g vs 26.90 Ϯ 1.40 g vs 27.40 Ϯ 1.17 g) or lean mass (238.57 Ϯ 5.37 g vs 235.40 Ϯ 5.48 g vs 242.35 Ϯ 4.77 g vs 234.54 Ϯ 3.39 g). Consistent with the above data, ad libitum-fed chronic ICV Ex9-treated rats gained significantly more weight (Fig. 7A , p Ͻ 0.001) and ate significantly more food (Fig. 7B , p Ͻ 0.001) than saline-treated controls, whereas these effects were mitigated in pair-fed chronic ICV Ex9-treated rats. Similarly, ad libitum-fed chronic ICV Ex9-treated rats gained significantly more fat mass than saline-treated controls (Fig.  7C , p ϭ 0.003), whereas changes in lean mass were not significantly different (Fig. 7D) . Interestingly, pair-fed Ex9-treated rats gained significantly more fat mass than subcutaneous Ex9-treated rats (Fig.  7C , p ϭ 0.038) and exhibited a trend toward increased fat accumulation relative to saline-treated controls (Fig. 7C, p ϭ  0.120) . Glucose tolerance was not significantly different between groups (Fig. 7 E, F ) . Finally, there were no differences in weight gain or food intake between chronic subcutaneous Ex9-treated rats and saline-treated controls.
Discussion
To date, the role of endogenous CNS GLP-1 in the regulation of energy balance has remained elusive, largely because of discrepancies between genetic and pharmacological studies (Scrocchi et al., 1996; Meeran et al., 1999) . In addition, the current models of GLP-1r knock-out mice and pharmacological GLP-1r blockade are limited in that they fail to directly target hindbrain-derived GLP-1. Here, for the first time, we address this limitation by using RNAi against NTS PPG in adult rats. Using this method, we aimed to downregulate the presumed sole source of ligand for GLP-1r throughout the CNS by directly targeting the majority of GLP-1-producing neurons. We compared this novel method to direct blockade of GLP-1r throughout the CNS with chronic ICV Ex9. NTS PPG knockdown resulted in hyperphagia and exacerbation of HFD-induced obesity, whereas chronic ICV Ex9 increased food intake and fat accumulation regardless of diet. Together, these data support the hypothesis that CNS GLP-1 activity modulates food intake to achieve a target body weight and level of adiposity.
Traditional models have held that GLP-1 acts primarily as a short-term satiation signal. Consistent with this view, recent studies indicate that gut-derived GLP-1 acts as a physiological satiation signal similar to CCK (Williams et al., 2009 ) and that hindbrain GLP-1r signaling mediates nutrient-and gastric distension-induced satiation (Hayes et al., 2009) . Together, these data support the hypothesis that both peripheral and hindbrain GLP-1r activity limit meal size. The present data now extend these findings to support a model whereby GLP-1 regulates both shortand long-term energy balance.
Interestingly, NTS PPG knockdown failed to alter meal size, duration or number but did increase rate of consumption. These data, combined with those comparing intake of PPG versus control rats across a 24 h period, suggest that hyperphagia induced by NTS PPG knockdown is the result of an accumulation of slight overeating throughout the dark phase. Nonetheless, a role for CNS GLP-1 in meal pattern regulation remains likely, as increased rate of consumption necessitates some change in meal size, duration or number that was perhaps not detected because of our monitoring system parameters, insufficient statistical power or incomplete NTS PPG knockdown. Regardless, most pertinent is the fact that both NTS PPG knockdown and chronic ICV Ex9 increased not only food intake, but also fat mass, revealing a novel role for CNS GLP-1 in the long-term regulation of energy balance.
Although the two models both produced hyperphagia and weight gain, several discrepancies exist between them. Specifically, intra-NTS lentivirus infusion caused considerable weight loss, primarily of lean mass, and this response was significantly attenuated in PPG rats. PPG rats then grew in parallel to control rats while maintained on chow yet when switched to HFD gained significantly more fat mass. In contrast, ICV minipump implantation caused considerably less weight loss, and chronic ICV Ex9 increased the rate of weight gain throughout the duration of treatment. This weight gain was of comparable magnitude in chow-and HFD-fed rats, was largely accounted for by increased fat mass and was blocked by pairfeeding, suggesting that the effect was mediatedprimarilybyhyperphagia.However, the visible trend toward increased fat mass in pair-fed Ex9-treated rats suggests that CNS GLP-1 may limit fat accumulation via other mechanisms such as direct control of peripheral lipid metabolism (Nogueiras et al., 2009 ).
Regarding the above discrepancies, several explanations are possible. First, the models differ with respect to experimental design parameters, including size and body composition of rats used and specific timing of treatments relative to surgery and diet exposure. Second, the models target different components of the CNS GLP-1 system-NTS PPG versus CNS GLP-1r. Although it is often assumed that only hindbrainderived GLP-1 activates CNS GLP-1r because of the short circulating half-life of gut-derived GLP-1 (Mentlein et al., 1993) , it is possible that both sources activate CNS GLP-1r. In addition, NTS PPG knockdown targets all PPG-derived peptides, which limits our ability to attribute the observed phenotype to reduced activity of GLP-1 alone versus other PPG-derived peptides. In contrast, Ex9 is thought to be GLP-1r-specific, although its ability to block other PPG-derived peptides and its specificity as a competitive GLP-1r antagonist remains debatable (Serre et al., 1998; Tang-Christensen et al., 2000; Lovshin et al., 2001) . Finally, the models likely downregulate CNS GLP-1 activity to differing degrees, which may in turn elicit unique compensatory responses including alterations in production and/or secretion of NTS PPG-derived peptides as well as expression and/or sensitivity of CNS GLP-1r. Moreover, the NTS PPG knockdown model is anatomically incomplete because it fails to downregulate PPG in the ventrolateral medulla, an area that may contribute to effects of CNS GLP-1 or other PPG-derived peptides on energy balance.
Hindbrain GLP-1-producing neurons are activated by numerous stimuli, including CCK, LiCl, LPS, artificial gastric dis- tension and leptin (Rinaman, 1999a; Elias et al., 2000; Vrang et al., 2003) , many of which are associated with interoceptive stress. As such, it is noteworthy that in the NTS PPG knockdown model, the initial divergence in food intake and body weight occurred within the context of significant postsurgical weight loss. Thus, it is possible that the surgery and viral infection served as interoceptive stressors that differentially stimulated NTS PPG, leading to relative protection from postsurgical anorexia and weight loss in PPG versus control rats, followed by normal growth in both groups. In addition, HFD-induced obesity is associated with hyperleptinemia and metabolic endotoxemia (Frederich et al., 1995; Cani et al., 2007) . Therefore, it is possible that as fat mass and plasma leptin and LPS levels increase in response to HFD, so too does NTS PPG, and the increased adiposity observed in HFDfed PPG rats may reflect a failure to effectively upregulate CNS GLP-1 activity to mitigate HFD-induced fat accumulation.
The above interpretation supports a model whereby NTS PPG neurons are selectively activated by a variety of interoceptive stressors, including illness and surgery as well as HFD-induced obesity. However, this model may not encompass the full range of central GLP-1 effects, as chronic ICV Ex9 increased food intake and weight gain largely in the absence of stress and regardless of diet. This distinction raises the possibility that chronic ICV Ex9 may not solely block hindbrain-derived GLP-1, but it may also block putative central actions of gut-derived GLP-1. Consistent with this hypothesis, a high degree of GLP-1 binding occurs in circumventricular organs where circulating factors can directly activate CNS neurons (Göke et al., 1995; Orskov et al., 1996) . Therefore, it is possible that chronic ICV Ex9 blocks not only stress-related GLP-1r activity initiated by hindbrain-derived GLP-1, but also satiation-related GLP-1r activity initiated by gutderived GLP-1.
Collectively, the present data support the hypothesis that endogenous CNS GLP-1 activity is required for normal regulation of energy balance. However, they fail to reflect previously established roles of CNS GLP-1, including mediation of the response to visceral illness (Rinaman, 1999b; Seeley et al., 2000) as well as direct regulation of energy expenditure parameters and glucose homeostasis (Knauf et al., 2005 (Knauf et al., , 2008 Sandoval et al., 2008) . Specifically, NTS PPG knockdown failed to impair formation of a CTA to intraperitoneal LiCl or to alter energy expenditure, RQ or locomotor activity. Moreover, neither NTS PPG knockdown nor chronic ICV Ex9 impaired glucose tolerance independent of changes in fat mass.
We acknowledge the limited interpretability of our negative data, as the above-mentioned effects may have required more complete PPG knockdown and/or GLP-1r blockade to detect. This explanation may very well explain the lack of impaired CTA formation in the NTS PPG knockdown model, as recent data revealed LPS-induced activation of PPG neurons in the dorsal medullary reticular nucleus-an area not targeted by our virus injections (Gaykema et al., 2009) . The above-mentioned effects also may have been obscured and/or overcome by compensatory changes occurring in the setting of chronic versus acute CNS GLP-1 loss of function or by nonspecific effects of the virus or infusion process. However, because the efficacy of the NTS PPG knockdown and chronic ICV Ex9 models is validated by the significant effects of each on food intake, body weight and body composition, the possibility of true negative findings, at least within the context of our adult male Long-Evans rat model, must be entertained. Moreover, key differences between our model and that of Knauf et al. (2005 Knauf et al. ( , 2008 , most notably animal species and diet composition, limit the ability to definitively explain discrepancies in glucose homeostasis data, and future studies are necessary to better understand this putative role of CNS GLP-1.
In conclusion, the present data indicate that both knockdown of NTS PPG and chronic CNS GLP-1r blockade cause hyperphagia and increased fat accumulation, implying that the endogenous CNS GLP-1 system plays a critical role in the long-term regulation of energy balance. In addition, our data reveal a positive correlation between NTS PPG expression and fat mass, raising the possibility that CNS GLP-1 activity is modulated by whole-body energy status. These findings are significant in that they broaden the understanding of GLP-1 function beyond that of a short-term satiation signal, thereby making it a potential target for the prevention and/or treatment of obesity.
